Embedded-fragment method for condensed-phase systems
We use an implementation of the embedded-fragment methods, which have enabled a fast ab initio calculation of clusters S1-S9 , crystals S10-S22 , and even liquids S23-S25 (see also Gao S26 ). The implementation is the binary-interaction method (BIM) S12,S22 .
In this method, the expression of the potential energy per unit cell, E, is given by
Here, the summations run over monomers i in the primary unit cell and j in all unit cells. E i:Q i is the total energy of the ith monomer embedded in the field of point charges (Q i ). These charges are placed on all atoms of the molecules whose centers of mass fall within the distance of R EF from the center of mass of the ith monomer.
E i:Q i is obtained as the eigenvalue solution of the Schrödinger equation with the following
Hamiltonian in some approximation (such as MP2):
where i and Q i indicate the QM (fragment) and EF (embedding field) regions, respectively, m and n run over all electrons, A and B over atoms, R nA , etc. are distances between the particles specified by the subscripts, Z A is the Ath atomic number, and q A is the partial charge of the Ath atomic site in the embedding field. E i j:Q i ∪Q j is the total energy of the dimer consisting of the ith and jth monomers in the union of their two embedding fields. E i:Q i ∪Q j ∪ j is the total energy of the ith monomer in the union of the embedding fields of the ith and jth monomers plus point charges on the atoms of the jth monomer.
We introduce the cutoff distance R i j ≤ R QM for the dimer calculations, where R i j is the distance between the centers of mass of the ith and jth monomers. R QM is assumed to be less than the unit-cell length, which is reasonable for simulation of liquids where the unit-cell length is large.
This assumption can easily be lifted for periodic solid simulations. See Supplementary Figure S1 for the schematic drawing of these three fragments.
S2
The first term in the right-hand side of Eq. (S1) double-counts the Coulomb interactions between the ith monomer and the atomic charges in the embedding field of the jth monomer and vice versa. These spurious interactions are eliminated by the second term only in the range of
The remaining error is removed by E C , which is given by
where A and B run over atoms in the ith and jth monomers, respectively. E LR contains the longrange Coulomb interactions truncated at distance R LR :
The gradient with respect to the x-coordinate of the kth atom, x k , can be determined by
where
are derivatives of the monomer and dimer energies, taking into account both the variations in the atomic coordinates in the QM region and embedding fields. They are readily obtained by combining the analytical-gradient and analytical-electric-field computation capabilities available in most molecular software. Using the atomic gradients, the instantaneous pressure along the x-axis at temperature T is evaluated as
where N is the number of molecules in the unit cell S27 . The validity of these energy and gradient formulas and programs was confirmed by the energy conservation in a BOMD simulation with the microcanonical ensemble.
Accuracy of the BIM
In the application of the BIM to liquid water, ab initio calculations are performed for the monomers and dimers of the water molecule. Table S1 summarizes the performance of various ab initio and DFT methods for the water dimer in the C s structure, which is discussed in the As a test of the BIM, the potential energy curve of (H 2 O) 3 Cl − is calculated as a function of the Cl − · · · (H 2 O) 3 distance (see Supplementary Figure S3 ) at the MP2/aug-cc-pVDZ level. The results show that the BIM can also reproduce the potential energy curve of the brute-force MP2 calculation extremely accurately, even when one of the fragments is charged and strongly polarizable.
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Supplementary S28 .
Effect of the MD time step on the IR spectra and RDF
We examined whether and to what extent the 1-fs time step alters the MD results in comparison with the 0.2-fs time step, using the TTM3-F force field S29 , which reproduces infrared (IR) spectra of liquid water. As shown in Supplementary Figure S4 frequency bands or for the shapes and widths of any band. It should be remembered that the classical treatment of the hydrogen atoms causes large errors on the order of ∼ 300 cm −1 in the frequencies of the OH stretching bands because of the nuclear quantum effects, which make the aforementioned time-step errors insignificant.
The experimental frequencies are often scaled even for a single water molecule to empirically correct anharmonicity and other effects. When such frequency scaling is applied (Supplementary Figure S4) , the calculated and observed spectra match excellently and the differences in the OH stretching frequencies between the 0.2-and 1-fs simulations become practically negligible.
Effect of the system size on the pressure
We performed the MD simulations with the TTM-3F force field at T = 300 K and ρ = 1 g/cm 3 to quantify the effect of the system size on the pressure. A small unit cell consisted of 32 water molecules, while a large unit cell had 512 water molecules. Supplementary Figure S5 shows that the average pressure of the MD simulation with the small unit cell is −0.03 ± 0.54 GPa, while it is [S1] Kitaura, K., Ikeo, E., Asada, T., Nakano, T. & Uebayasi, M. Fragment molecular orbital method: an approximate computational method for large molecules. Chem. Phys. Lett. 313, 701-706 (1999 
